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ABSTRACT 
 The development of technologies for resource recovery from wastewater is an important 
part of modernizing our water infrastructure to become an integral part of a clean economy. 
Wastewater is a continuous source of renewable chemical and thermal energy as well as 
nutrient resources like nitrogen and phosphorus. In particular, nutrient recovery technologies 
can act a source of sustainable fertilizer, allowing for the harvest and reuse of limited mineral 
phosphorus resources. Microalgae show great promise to remove both nitrogen and 
phosphorus from wastewater, reducing aqueous nutrients to undetectable levels and recovering 
organic nutrients, making them a candidate for advanced nutrient removal processes targeting 
effluent levels not currently achievable with conventional biological nutrient removal processes. 
This thesis discusses the relevant body of work regarding the potential of phototrophic 
microalgal systems to become an integral part of a water resource recovery process, and the 
implications of solids residence time (SRT) and diel cycles on microalgal metabolism influencing 
wastewater treatment. Experimental results showed that SRT dictated intracellular nitrogen to 
phosphorus ratio of microalgal biomass, while 24-hour (i.e., continuous) removal of N and P was 
achieved, and levels of stored carbohydrates increased and decreased in phase with light 
intensity. Carbohydrate mobilization suggests that microalgal communities will maintain growth 
through periods of darkness to prioritize the recovery of nutrients. The relationship between 
SRT and nitrogen to phosphorus ratio suggests a governance of nutrient recovery ratio by the 
biological requirements of growth rate in agreement with previous theoretical considerations of 
performance at the high SRTs used in this study. Metabolic flexibility, in particular carbon 
dynamics and predictable nitrogen and phosphorus recovery, makes microalgae a promising 
organism for the development of reliable, financially viable biological nutrient recovery systems. 
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Chapter 1. Introduction 
 
 A shifting focus from the traditional framework of mitigating environmental damages to 
one of providing resources and benefits to society is leading environmental engineers to rethink 
water and wastewater treatment. Nominal changes like the transition from wastewater treatment 
plants (WWTPs) to water resource recovery facilities (WRRFs) reflects a growing consensus 
that the opportunities afforded by the large "waste flows", rich both in energy and nutrients, will 
be capitalized on to enable the sustainable agriculture, energy, and water systems of the future.  
 Wastewater treatment, in particular, is an area with significant potential, containing large 
amounts of heat and chemical energy, nutrients such as nitrogen and phosphorus, all in a 
concentrated and centralized form for recovery and reuse. The current state of wastewater 
treatment is one where massive amounts of energy (up to 3% of US electrical load) (U.S. EPA, 
2006) are consumed to reduce the biochemical oxygen demand and where nutrients are still 
often released to surface waters. Traditional systems like activated sludge have become the 
prevailing technology for BOD degradation and a suite of technologies are often used to remove 
nutrients as pollutants, but often fail to address increasingly stringent treatment requirements 
and do not meet the goals of recovering energy and nutrients for reuse. Chemical treatment 
locks phosphorus away in non-bioavailable metal salts, and due to the nature of the reaction 
becomes prohibitively expensive below 0.1 mg P L-1 (Bott and Parker, 2011; Tchobanoglous et 
al., 2003; U.S. EPA, 2015). Chemical treatment cannot recover nutrients for reuse, instead 
directing phosphorus wastes to landfills, and has already reached its full potential for 
phosphorus removal from wastewaters. Biological treatment, such as enhanced biological 
phosphorus removal (EBPR), takes advantage of luxury storage of phosphates by 
polyphosphate accumulating organisms, which does present an opportunity for nutrient recovery 
upon separation of biomass from the waste stream. However, the practical limits of phosphorus 
removal remain similar to that of chemical treatment. The traditional nitrogen removal method of 
nitrification and denitrification, reaches a practical limit around 3 mg N L-1 (Bott and Parker, 
2011; U.S. EPA, 2015) and converts nitrogen to N2, excluding the possibility of recovery. An 
alternative, intensely studied process, annamox, has the potential to remove nitrogen from 
wastewaters more cost competitively, but also results in the production of N2, again excluding 
the possibility of recovery. It should be noted, however, that nitrogen can be recovered via 
ammonia stripping, but this process is efficient than using annamox coupled with traditional 
nitrogen fertilizer production via the Haber-Bosch process (Morales et al., 2013). At present, 
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there is not an economically viable treatment technique that can remove both nitrogen and 
phosphorus to the levels of emerging water quality permits while also recovering them for reuse.  
 Microalgae have evolved to recover both of these nutrients, and are so successful at this 
endeavor that their prevalence can lead to hypoxia (Conley et al., 2009; Rabalais et al., 2002). It 
goes without argument that nutrient releases from wastewater treatment plants continue to 
degrade the quality of our waterways (Ruhl and Rybicki, 2010). Therefore, treatment systems 
need to be developed that target both nitrogen and phosphorus in order to effectively mitigate 
hypoxia and toxic cyanobacterial blooms (Paerl et al., 2011). A logical conclusion is to use 
microalgae to recover both nitrogen and phosphorus as a part of a phototrophic treatment 
process. In order for microalgal treatment processes to be feasible, the following hurdles will 
need to be overcome: nitrogen to phosphorus recovery ratio would have to be plastic to some 
degree due to variability of wastewater stoichiometry; the microalgal growth process would need 
to be intensified in order to economically recover nutrients within a treatment plant; and issues 
such as nutrient removal during dark periods would need to be addressed. The work presented 
in this thesis attempts to address each of those issues: (i) by investigating the effect of solids 
residence time (SRT; a key control parameter in biological processes) on microalgal 
stoichiometry for a reliable mechanism of control of N:P recovery ratio; (ii) by cultivating across 
a range of higher SRTs that may be relevant to a treatment system utilizing intensified treatment 
via solids separation; and (iii) by understanding the ability of microalgal storage polymers to 
stabilize growth and enable continuous nutrient recovery throughout periods of darkness. In 
addition to original experimental research and analysis, more extensive background information 
and conclusions are also provided for greater context.  
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Chapter 2. Background 
 
2.1 What are Microalgae? Microalgae is a loosely defined term that will be used in this paper in 
reference to unicellular plants ("green algae" being one of the most common groupings, many of 
which belong to the division Chlorophyta). However, in common use the term often includes 
other organisms such as cyanobacteria (blue green algae) and diatoms. Green algae, 
cyanobacteria, and diatoms are very different organisms taxonomically, all occupying a different 
kingdom of life, but all evolved to similar ecological functions. All of these organisms would likely 
be present in a phototrophic community grown on wastewater, however each have natural 
benefits and detriments in a nutrient recovery scenario that will be discussed here.  
 Cyanobacteria are photosynthetic prokaryotes (actually presumed to be the precursor 
organism to chloroplasts in plants that were incorporated via endosymbiosis) some of which 
possess the ability to fix nitrogen. They are often present in large numbers in higher 
temperature waters and produce toxins, particularly at these higher temperatures. These toxins 
can be detrimental to aquatic ecosystems and human health, with a range of effects, from 
neurotoxins to hepatotoxins (Vasconcelos and Pereira, 2001), causing severe liver damage and 
tumor development (Nishiwaki-Matsushima et al., 1992). Although there are many promising 
characteristics of cyanobacteria species for nutrient recovery, it is this potential to negatively 
impact human health that makes wide implementation of cyanobacteria for nutrient recovery a 
challenge.  
 Diatoms are single celled eukaryotes and differ from cyanobacteria and green algae 
most significantly in their biological requirement for silicon as a component in their cell walls. 
This silicon requirement can improve biological functioning over typical organic cell walls, but 
also limits diatom growth in low silicon waters. This potentially limits the ability of diatoms to be 
a reliable constituent of a phototrophic water treatment process, although silicon is a common 
contaminant found in low concentrations in many municipal wastewaters (Tchobanoglous et al., 
2014).  
 Green algae are single celled eukaryotes that are commonly present in oceanic and 
fresh water and have distinct advantages for nutrient recovery for a few reasons. First, and 
similar to other organisms considered "microalgae", simultaneous nitrogen and phosphorus 
removal can be achieved as recovery occurs via assimilation into algal biomass. Physical 
removal of these cells from the water then results in complete recovery of these nutrients. 
Second, microalgae have shown the ability to recover organic nutrients (Bronk et al., 2007; Liu 
et al., 2012), one of the most persistent and costly nutrient pollutants to remove (Bott and 
	 4	
Parker, 2011; Falk et al., 2011). Green algae do not produce toxins like cyanobacteria and will 
not be limited by silicon availability in wastewater. Lastly, green algae in particular have very 
high nutrient uptake rates (Lehman and Scavia, 1982), although it should be noted that due in 
part to the wide diversity of phytoplankton, diatoms (Zhao et al., 2008) and cyanobacteria have 
competitive nutrient uptake and maximum specific growth rates.  
 Despite the advantages of green algae for nutrient recovery, a biological treatment 
system containing a variety of species including cyanobacteria and diatoms is not only healthy, 
providing a more resilient community, but it is likely a reality regardless of treatment design and 
operator intentions given the non-axenic environment of wastewater. Although discussion of 
microalgal species in the division Chlorophyta is a matter of simplicity and practicality, it is 
reasonable to expect they would play a significant role in a phototrophic nutrient recovery 
system due to their competitive edge and natural prevalence in wastewater treatment systems.  
 
2.2 Microalgae in Wastewater Treatment. A history of microalgae in wastewater treatment 
should begin with, and could almost conclude with, the use of microalgae in lagoons (e.g., 
stabilization ponds, maturation ponds). These systems are primarily used to cost effectively 
inactivate pathogens and degrade BOD of wastewaters through heterotrophic bacterial growth 
(Maynard et al., 1999). Space inefficient and cheap to construct, lagoons are man-made ponds 
that allow for biological activity in an environment isolated from natural waterways and human 
activity, resulting in improved water quality before feeding back into the environment. 
Microalgae in the light penetrable region at the top of the lagoon maintain an aerobic layer via 
phototrophic growth, providing oxygen to aerobic heterotrophic bacteria for continued BOD 
removal and pathogen inactivation (Tchobanoglous et al., 2014). While microalgae take 
advantage of high concentrations of nitrogen and phosphorus for growth, they do not actually 
contribute significantly to nutrient removal in these settings, as suspended algal biomass passes 
downstream and associated nutrient become bioavailable again. The aerobic environment 
maintained by the microalgae does enable nitrification and subsequent denitrification to some 
degree (Grady et al., 1999), however nutrient removal in these uncontrolled lagoon systems is 
not typically a priority. 
 More highly engineering wastewater treatment systems do have an interest in nutrient 
removal, and uptake by microalgae and subsequent harvesting of microalgal biomass allows for 
nutrient recovery in addition to nutrient removal. The first large scale attempts to use microalgal 
systems to recover nutrients were with high rate algal ponds (HRAPs), also called raceways, 
which are large basins that are left exposed to sunlight and continuously mixed, for gas transfer 
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and microalgal suspension. These systems are relatively simple to construct, but have lower 
biomass productivities than other microalgal cultivation technologies (Chisti, 2007) and are less 
controlled due to their open-air design and imprecise maintenance (uneven mixing and flow, 
presence of attached growth, etc.). Despite the upfront economic advantages of these designs, 
HRAPs can be hindered by competition or even collapse due to ecological imbalances (Xu et 
al., 2009). These systems have attracted a lot of interest for the simultaneous biofuel production 
due to the favorable economics of utilizing otherwise costly waste nutrients for growth, which 
has dominated the research of microalgae cultivation in wastewater.  
 The final and most advanced cultivation technique for microalgae from wastewater is the 
photobioreactor (PBR), These systems can take many forms but are usually tubular at large 
scales, with pumps providing air for microalgal suspension and gas transfer, scrubbers to 
prevent attached growth, and natural or artificial lighting. They typically enable higher culture 
densities, more efficient light use, relatively low harvesting costs, can be completely closed 
enabling axenic conditions, but have higher capital and operating costs (Xu et al., 2009). One of 
the main challenges in wastewater microalgal PBR treatment systems is the inability to maintain 
an axenic environment due to the influent wastewater, so a robust mixed community is a 
necessity with these systems. Such a community will be harder to tailor to a desired function 
than with a monoculture with predictable stoichiometry, growth, and carbon storage. However, a 
mixed community will be more resilient and less susceptible to a system crash due to 
contamination because of its genetic and ecological diversity. The superior ability to tailor the 
environmental conditions in PBRs over other cultivation systems provides the opportunity to 
select for a community capable of a desired function.  
 
2.3 Microalgal Stoichiometry. Microalgal nutrient removal is achieved not by a chemical 
conversion of nutrient to a lower energy state as with organic carbon degradation and 
nitrification processes, but rather by assimilation of nitrogen and phosphorus into biomass and 
subsequent separation from the waste stream. In order to control nutrient recovery of a 
microalgal system, governance of microalgal stoichiometry is critical. Microalgal stoichiometry 
(nitrogen and phosphorus, in particular) is dictated by two groups of internal nitrogen and 
phosphorus: functional and storage. Functional nutrients (lumped in with structural nutrients for 
this work) are those that are required for the basic biological functioning of the biomass, 
whereas storage nutrients are the intracellular pools of nutrient, harvested in excess of 
biological requirements, by luxury uptake. Therefore, there are two mechanisms by which 
microalgae adjust their stoichiometry – nutrient uptake for direct growth and nutrient uptake for 
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nutrient storage – laying the groundwork for an entire field of research investigating the 
motivators of microalgal stoichiometric changes. A brief discussion of microalgal stoichiometry 
can be found in section 3.1 and 3.3, and a broader review is provided in the following section.  
 The field of microalgal stoichiometry began with the Redfield ratio (Redfield, 1958), a 
presumed oceanic average nitrogen to phosphorus ratio of about 7.2 by mass. This ratio has 
held up very well, persisting as a rough, but accurate estimate of the stoichiometry of many 
microalgal communities, but oversimplification of the nutrient requirements of microalgae occurs 
commonly using this ratio (Klausmeier et al., 2008). In reality, the Redfield ratio is an oceanic 
average, presumed to be a result of the stoichiometric requirements of microalgae. As was 
mentioned briefly, cyanobacteria have the ability to fix nitrogen, and their prevalence in oceanic 
waters has, over long periods of time, allowed oceanic nitrogen and phosphorus stoichiometry 
adjust to stoichiometric requirements of microalgae. This effectively made biomass growth 
potential limited by phosphorus availability in oceanic waters as low-nitrogen waters are 
dominated by N-fixing cyanobacteria, in turn raising the nitrogen to phosphorus ratio 
(Klausmeier et al., 2008).   
 For the purposes of microalgal treatment systems, an understanding of short-term 
drivers of stoichiometric change in green algae, in particular, is required. Seminal studies in this 
field investigated the effect of nutrient availability (Rhee, 1978) and dilution rate (Goldman et al., 
1979) on nitrogen to phosphorus ratio. These studies laid the basis for the understanding that 
microalgae will adjust their stoichiometry to match that of supply ratio (in the case of Rhee, 
1978) and that dilution rate and microalgal growth has some effect on biomass stoichiometry. 
There are theoretical considerations that justify both observations. Luxury uptake of either 
nitrogen or phosphorus enables the matching of biomass nutrient ratio to supply nutrient ratio, 
particularly in the case where growth is limited by the availability of one nutrient, but other 
biological needs (e.g., light) are in excess. Governance of microalgal stoichiometry by growth 
rate can be understood by considering the biological requirements for growth and their 
stoichiometric composition. As has been well described (Sterner and Elser, 2002), the biological 
requirement for protein to enable growth drives nitrogen uptake while the biological 
requirements to synthesize protein drive phosphorus uptake for use in ribosomes. The 
relationship between these two biological needs, nitrogen being linearly dependent on growth 
rate and phosphorus quadratically dependent (Ågren, 2004), produces a curved relationship 
between nitrogen to phosphorus ratio of biomass and growth rate as has been modeled on 
multiple occasions (Ågren, 2004; Terry et al., 1985b). Theoretical considerations put the 
minimum structural nitrogen to phosphorus biomass ratio above 3, as this matches the 
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stoichiometry of a ribosome (Sterner and Elser, 2002), the largest pool and driver of structural 
phosphorus, and up to 20 (Terry et al., 1985b). This range of biomass stoichiometry matches 
what has been observed experimentally (Gardner-Dale, In preparation; Geider and La Roche, 
2002). 
 Initial expectations of microalgal stoichiometric variability due to luxury uptake and 
storage (Rhee, 1978), have not lived up to subsequent experimental results (Hall et al., 2005). 
Scenedesmus obliquus, used in this study, is suspected to be particularly plastic with regards to 
is nutrient storage capabilities (Klausmeier et al., 2008). In addition, suspected inhibition of 
nutrient uptake at high internal concentrations (Gotham and Rhee, 1981) supports that luxury 
uptake and storage of nutrients may not be as variable as previously thought. More recently, 
experimental results have shown the ability of growth rate to affect reliable stoichiometric 
change in microalgae, potentially supporting the use of process design and system optimization 
for tailored nutrient uptake as the best means by which to achieve desired nutrient recovery. 
	
2.4 Storage Polymers. Despite the ability of microalgae to recover and store nitrogen and 
phosphorus, they are perhaps better known for their ability to store energy as carbohydrates 
and lipids, and have been researched extensively for the purposes of harnessing this ability for 
the manufacturing of biofuel feedstocks. The density of energy production potential of microalgal 
cultivations systems are orders of magnitude higher than that of conventional agricultural crops 
(Chisti, 2007; Clarens et al., 2010), in part due to their ability to allocate so much of their 
biomass to storage polymers. These internal carbon stores evolved to help regulate growth rate 
to avoid being outcompeted for resources during periods without an external energy source 
(similar to bacteria (van Loosdrecht et al., 1997)). For phototrophic systems in particular, 
microalgae are some of the best-poised organisms (with relatively large energy stores) to be 
able to maintain their growth throughout the night and enable continuous nutrient recovery, 
potentially reducing the need for artificial illumination of microalgal systems. Diel changes in 
energy stores and corresponding changes in nutrient uptake have been investigated before in 
nutrient rich (Terry et al., 1983) and deplete (Terry et al., 1985a) environments, and a good 
review of dark respiration on stored biopolymers (typically carbohydrates) for protein synthesis 
is provided here: (J.geider and Osborne, 1989). Carbohydrates are the primary biopolymers 
used for the leveling of growth rates (protein synthesis) across periods of light and dark, as have 
been demonstrated for many species and limiting conditions (Foy and Smith, 1980; J.geider and 
Osborne, 1989; Terry et al., 1985a, 1983). In the same group of studies, lipid synthesis either 
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stopped or lipid was slightly degraded during the dark period, suggesting lipid is not the primary 
biopolymer utilized in most microalgae for the maintenance of growth rate. 
 As has been suggested, diurnal light variability is one of the best characterized triggers 
for periodic storage and degradation of carbohydrate. Carbohydrates have also been shown to 
accumulate under nitrogen limitation, a stress response that occurs in conjunction with the 
degradation of internal proteins for a nitrogen source (González-Fernández and Ballesteros, 
2012). Growth on nitrate, a less energetically favorable nitrogen source than ammonium 
(J.geider and Osborne, 1989), and drops in temperature have been shown to cause starch 
accumulation (González-Fernández and Ballesteros, 2012), perhaps another natural stress 
response allowing microalgae to survive unfavorable environmental conditions. Nitrogen 
limitation is also a well-known trigger for lipid accumulation (Hu et al., 2008), showing an 
increase in lipid storage by almost a factor of two in green microalgae. In the same study, 
phosphorus limitation also increased lipid storage, although not to the same degree. Lipid 
periodicity was reduced in phosphorus limitation (Terry et al., 1985a). Temperature affects fatty 
acid composition in algae (a well-known trait of lipid bilayer membranes is to shift toward 
saturation at lower temperatures and unsaturation at high temperatures to maintain an optimal 
fluidity) as well as total fatty acid content. Higher temperatures correspond to higher lipid 
content in some microalgae, although those trends are not universal for all species (Hu et al., 
2008).  
 To synthesize this discussion of biopolymers, microalgae will store both carbohydrate 
and lipid at all growth conditions, however, stress responses will elevate levels of storage. 
Nutrient limitation is the most effective stressor for biopolymer accumulation, perhaps because 
metabolic faculties aren't hindered by non-ideal temperatures or pH when nutrient limited, 
although drops in temperature or changes in pH will also result in accumulation. Lipids are 
energy dense and don't show the same diel periodicity as carbohydrate, likely functioning as 
longer term storage polymers than carbohydrate. Carbohydrates are easily mobilized for growth, 
and therefore are primarily stored to fuel protein synthesis over periods of darkness (potentially 
barring some oleaginous algae). However, whether what is directed into storage carbohydrate is 
(i) only the necessary amount of carbohydrate to enable protein synthesis through the entirety of 
the dark period is stored in acclimated cultures or (ii) the full potential of daytime energy in 
excess of what is needed for nighttime protein synthesis, remains unclear.  
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Chapter 3. Influence of Solids Residence Time and Carbon Storage on 
Nitrogen and Phosphorus Recovery by Microalgae Across Diel Cycles	
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ABSTRACT  
 Microalgal wastewater treatment systems could significantly advance nutrient recovery from 
wastewater by achieving effluent nitrogen (N) and phosphorus (P) levels below the current limit of 
technology. However, the ability to reliably achieve targeted effluent N and P concentrations 
requires an understanding of how process and design decisions influence nutrient uptake over 
daily (i.e., diel) cycles. This work demonstrates the ability to tailor microalgal N to P recovery ratio 
via solids residence time (SRT) while maintaining complete nutrient removal of across day/night 
cycles through carbon storage and mobilization. Experiments were conducted with two microalgal 
species, Scenedesmus obliquus and Chlamydomonas reinhardtii, in photobioreactors (PBRs) 
operated as cyclostats (chemostats subjected to simulated natural light cycles) with retention times 
of 6 to 22 days (S. obliquus) and 7 to 13 days (C. reinhardtii). Nutrient loading and all other factors 
(except retention time) were fixed across all experiments. Elevated SRTs (>8 days) achieved no 
detect levels of the limiting nutrient (either N or P) consistently throughout the entire diel cycle. N:P 
mass ratio in algal biomass had a negative linear correlation with increasing SRT varying from 
9.9:1 to 5.0:1 (S. obliquus) and 4.7:1 to 4.3:1 (C. reinhardtii). Carbohydrate content of biomass 
increased during times of high irradiance and decreased gradually during periods of darkness for 
all experiments. These diel dynamics in stored carbohydrate were used to characterize daily 
storage and mobilization of stored carbohydrates. For all nutrient limited cultures, specific (i.e., 
protein-normalized) carbohydrate mobilization generally decreased with increasing SRT, while 
total carbohydrate mobilization did not. Nighttime consumption of stored carbohydrate fueled 
uptake of nutrients, stabilizing growth and enabling complete nutrient limitation across periods of 
darkness. The ability to tailor microalgal N:P uptake ratio and target an optimal energy storage 
metabolism with traditional engineering process controls (such as SRT) may enable advanced 
nutrient recovery facilities to target continuous and reliable dual limitation of nitrogen and 
phosphorus. 
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3.1. INTRODUCTION 
 Nutrient management is a critical challenge for the wastewater industry in the 21st century. 
The long-term detrimental impacts of anthropogenic nitrogen (N) and phosphorus (P) released to 
the aquatic environment are undeniable (Conley et al., 2009; Paerl et al., 2011, 2004), spanning in 
scale from the eutrophication of receiving streams to the deterioration of the Chesapeake Bay 
(Ruhl and Rybicki, 2010) and the formation of the Gulf of Mexico hypoxic zone (Rabalais et al., 
2002). Furthermore, nutrient pollution has recently been identified as the leading cause of 
impairment in U.S. waters, the damaging effects of which continue to increase every year (U.S. 
EPA, 2015). As a result, adoption of nutrient loading criteria are becoming increasingly common 
and increasingly strict across the U.S  (Clark et al., 2010) as water resource recovery facilities 
(WRRFs; a.k.a. wastewater treatment plants, WWTPs) struggle to afford higher operational costs 
of conventional nutrient removal technologies (U.S. EPA, 2008, 2011; Wang et al., 2011), 
highlighting the need for alternative nutrient removal strategies that align environmental and 
economic goals for sustainability (Guest et al., 2009).  
 Traditional approaches to nutrient management at WRRFs rely on costly, energy-intensive 
processes that achieve nutrient removal or down-cycling by removing nitrogen as N2 gas and 
converting phosphate to polyphosphate (embedded in polyphosphate accumulating organisms) or 
to metal-phosphate precipitates. Effluent concentrations of 3 mg N·L-1 and 0.1 mg P·L-1 are 
generally regarded as the limit of technology (LOT) for these approaches (Bott and Parker, 2011; 
U.S. EPA, 2015), with a critical obstacle to LOT advancement being dissolved organic nitrogen 
and phosphorus (Bott and Parker, 2011). Appreciable fractions of organic nitrogen and 
phosphorus evade removal or recovery in our engineered treatment systems, yet still result in algal 
growth and associated water quality detriments in receiving waters (Falk et al., 2011). Dissolved 
organic nitrogen can be removed by physical separation processes (Liu et al., 2012), but existing 
filtration processes are energy-intensive and costly. Dissolved organic phosphorus removal is also 
possible with membranes, but is even more costly as incremental gains to very low concentrations 
(<0.02 mg P·L-1) can result in an increase in greenhouse gas emissions by three orders of 
magnitude (Falk et al., 2011). Removal of inorganic phosphorus to the LOT by more conventional 
technologies mirrors the same trend of high costs and diminishing returns, requiring an exponential 
increase in metal salt addition in order to achieve effluent phosphorus at or below the LOT (Bott 
and Parker, 2011, pg. 130; Tchobanoglous et al., 2003). Therefore, development of novel 
bioprocesses better suited for economical low-level nutrient recovery and recovery of organic 
nutrient fractions is necessary to meet increasingly ambitious nutrient recovery goals and improve 
water quality. 
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 Microalgae have evolved to compete for nitrogen and phosphorus in nutrient deplete 
environments, have high max-specific uptake rates (Lehman and Scavia, 1982), and have been 
shown to rapidly uptake organic phosphorus and organic nitrogen (Bronk et al., 2007; Liu et al., 
2012; Qin et al., 2015), positioning them to be effective in tertiary and sidestream treatment 
processes. Additionally, microalgal systems produce biomass that can enter markets as fertilizers 
and bioenergy feedstocks, providing additional revenue and improving financial viability (Pittman et 
al., 2011). In particular, the ability of microalgae to store organic carbon (as lipids and 
carbohydrates) has motivated major research efforts toward their use for biofuel production (U.S. 
DOE, 2010). This same ability, however, is also advantageous for nutrient recovery systems by 
potentially stabilizing growth (as in bacteria (van Loosdrecht and Henze, 1999)) – and thus, 
nutrient uptake – in the absence of exogenous energy sources (i.e., night-time) (Mooij et al., 2013). 
Coupled microalgal nutrient recovery and biomass production could ultimately transform nutrient 
management processes from the paradigm of energy-demanding pollutant removal to 
biofeedstock-producing, resilient nutrient recovery. A critical challenge to the advancement of 
intensive (i.e., small footprint) algal treatment systems, however, is a lack of mechanistic 
understanding of how to design and operate systems that reliably – over daily and seasonal cycles 
– achieve effluent quality (N and P) requirements and biomass production targets for a given 
locality. 
 Historically, research and application of microalgal technologies has often assumed a 
microalgal stoichiometry of 7.2:1 N:P by mass (Redfield, 1958). However, more recent work has 
emphasized the potential for interspecific and intraspecific (between and within a species) 
stoichiometric variability (Klausmeier et al., 2008). Interspecific N:P variability exists because of 
different mechanisms and requirements for growth, while understanding the drivers of intraspecific 
stoichiometric variability requires closer investigation (Geider and La Roche, 2002). There are two 
main mechanisms for variation of microalgal N:P content. First, N:P content has also been shown 
to vary reproducibly with growth rate (Ågren, 2004; Terry et al., 1985): a dependence stemming 
from the stoichiometry of structural machinery necessary to accomodate growth (Sterner and 
Elser, 2002), N:P variability has been observed under conditions where one or both macronutrients 
are in excess, via luxury uptake of non-limiting nutrient for storage (Klausmeier et al., 2008; Rhee, 
1978). However, the aforementioned stoichiometric variability and several aspects of the 
microalgal metabolism have yet to be examined under growth conditions relevant to intensive (i.e., 
small footprint) wastewater treatment processes. Previous investigations of growth rate and N:P 
requirements examined SRTs in the range of 0.5 to 4 days (Ågren, 2004; Klausmeier et al., 2004), 
while others had a maximum of 7 days (Terry et al., 1985). However, in order to achieve financial 
feasibility, longer SRTs will likely be required to reduce hydraulic retention time (HRT) and, 
subsequently, facility footprint. Additionally, there is a need to understand the influence of a 
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realistic diel cycle on nutrient uptake and biochemical composition across a range of higher SRTs. 
Night-time nutrient uptake is a critical barrier to the application of microalgal nutrient recovery 
systems due to the absence of an exogenous energy source. A better understanding of both of 
these important design and environmental parameters will advance the development of microalgal 
nutrient recovery systems.  
 The objective of this work was to investigate the effects of WRRF-relevant SRTs and carbon 
storage polymers (carbohydrates and lipids) on nitrogen and phosphorus uptake by microalgae 
across diel cycles. Separate monocultures of Scenedesmus obliquus, among a genus commonly 
found growing on wastewaters (Park et al., 2011; Roberts et al., 2013), and Chlamydomonas 
reinhardtii, a well-characterised model green alga (Boyle and Morgan, 2009; Harris, 2009), were 
cultivated in closed photobioreactors operated as cyclostats (i.e., chemostats under day/night 
cycling). While nutrient loading for each reactor was held constant, dilution rate was changed to 
isolate the impacts of growth rate on nutrient uptake. After steady state was achieved, biomass 
was harvested and analyzed across a full 24-hour cycle to elucidate shifts in biomass N:P and 
biochemical composition trends, including the storage and mobilization of carbon reserves.  
 
3.2. MATERIALS AND METHODS 
3.2.1 Photobioreactors (PBRs). Flat panel PBRs were lit from one side using alternating strips of 
blue (460 nm) and red (630 nm) light emitting diodes (LEDs) (BlazeTM 12V LED Tape Light, 
Elemental LED) and light intensity was regulated by an microcontroller (Arduino Uno). A PVC 
frame of internal dimensions 25 x 254 x 737 mm supported two transparent acrylic panels, with 
sidewall apertures for aeration (Won flexible air diffuser, Marine Depot) pH monitoring (accumetTM 
pH probe, Fisher Scientific), sampling, and top apertures for off-gas, influent and effluent. PBRs 
were aerated at approximately 0.1 L·min-1, and all influent gas was humidified by passing through 
water to reduce evaporative losses. After humidifying, all gas was hepa filtered (0.3µm HEPA-
VentTM filter, Whatman®) before entering the reactor through a diffuser. pH was controlled (pH 
190, Eutech Instruments) between 7.25 and 7.75 by introducing CO2 (100%) into the aeration line. 
See Figure S6 of the Supplementary Material (SM) for reactor schematics.  
3.2.2 Inocula. Two species of microalgae were obtained from the University of Texas Culture 
Collection of Algae (UTEX, Austin, TX) and cultivated separately: Scenedesmus 
obliquus and Chlamydomonas reinhardtii. DNA was extracted using a FastDNATM SPIN extraction 
kit for soil (MP Biomedicals, Santa Ana, CA), sequenced using Sanger sequencing with eukaryotic 
specific primers EukA, EukB, and 563f (Bradley et al., 2016), and species identification confirmed 
using BLAST (Altschul et al., 1990).  
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3.2.3 Cultivation conditions. Monocultures of S. obliquus and C. reinhardtii (cc-124 wild type) 
were cultivated in chemostats subjected to repeated cycles of 14-hour sinusoidal light (peak 
surface intensity ~200 µE·m-2·s-1) and 10 hours of dark. A constant hydraulic retention time (HRT) 
and volume were maintained for each reactor via a constant influent flow rate and overflow 
effluent. No solid-liquid separation was applied, and thus, HRT = SRT. To simulate the effect of 
increasing SRT, nutrient loading (in g nutrient L-1·d-1) was fixed and SRT was varied for S. 
obliquus (6.3, 8.9, 10, 13, 17, and 22 days) and C. reinhardtii (7.0, 8.9, 10, and 13 days). All 
operational conditions other than SRT were held constant. Influent was a modified TAP medium 
with improved trace metals (Kropat et al., 2011) and without acetate (to reduce heterotrophic 
growth) and Trisma buffer. Reactors were provided ammonia anywhere from 12.5 to 13.8 mg N·L-
1·d-1 and phosphate from 1.59 to 1.76 mg P L-1·d-1 for a N:P ratio of 7.84:1 (mass:mass). Inorganic 
carbon (excluding gaseous CO2 delivered for pH control) was provided at a rate of 183 mg 
NaHCO3 L-1·d-1 using a separate syringe pump (Dual syringe influent only, item no. 702000, 
Harvard Apparatus) to prevent precipitation of carbonate species in the bulk media. Daily axenic 
scraping inhibited attached growth. 
3.2.4 Continuous operation. Each reactor was allowed to reach a steady state, defined as a less 
than 5% variation in optical density (at 735 nm) at a consistent point in the light cycle over at least 
three consecutive days. Sampling began after the determination of steady state, typically requiring 
3-4 SRTs of continuous operation. Cell suspensions were fixed with glutaraldehyde and stored at 4 
°C to check for contamination via microscopy prior to diel sampling. For diel sampling, 
approximately 240 mL was taken from the reactor every two hours over a 24-hour cycle. Solids 
analysis was also performed at the time the sample was removed from the reactor. The remainder 
of the sample was centrifuged at 7,000 xg for 10 minutes at 20 °C (Eppendorf 5180R), and 
supernatant was filtered through pre-rinsed 0.22 µm filters (Durapore 0.22 µm PVDF Membrane 
Filter, item no. GVWP04700, EMD Millipore, Darmstadt, Germany). Pelleted biomass was frozen (-
20 °C) then freeze dried and stored under desiccation at room temperature. Filtered supernatant 
was stored at 4 °C until analysis. 
3.2.5 Suspended solids and moisture analysis. The total suspended solids (TSS) of samples 
was determined in triplicate by filtration though pre-rinsed, pre-combusted, pre-weighed 0.7 µm 
glass fiber filters (Whatman GF/F, item no. 0987472, Fisher Scientific; Pittsburgh, PA), heating at 
105 °C for 1 hour, and desiccation for 30 minutes prior to weighing. Volatile suspended solids 
(VSS) was determined in triplicate by combusting samples for an additional 20 minutes in a 550 °C 
muffle furnace prior to desiccation and weighing (Pruvost et al., 2009). Percent of biomass as 
moisture was determined by weighing freeze dried biomass before and after heating at 105 °C and 
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desiccation at room temperature for 30 minutes and was found to be an insignificant fraction of 
biomass. 
3.2.6 Elemental analysis of biomass. Total elemental carbon, hydrogen, and nitrogen 
(massElement·massAlgae-1) were determined using a Perkin Elmer 2400 Series II CHNS/O Elemental 
Analyzer. Total elemental phosphorus was determined using a Perkin Elmer SCIEX ELAN DRC-e 
ICP-MS. Both sets of elemental analyses were performed on freeze dried biomass by the 
University of Illinois at Urbana Champaign School of Chemical Sciences' Microanalysis Laboratory. 
3.2.7 Lipid. Crude lipid was extracted in duplicate (when possible) using the Folch method (Folch 
et al., 1957). Insufficient biomass was harvested for duplicate analysis of S. obliquus at an SRT of 
10 days. Approximately 25 mg of biomass was suspended in 6 mL of a 2:1 (volume:volume) 
chloroform:methanol solvent mixture, and vigorously shaken for every 15 to 20 minutes for 1 hour. 
The mixture was centrifuged at 350 xg for 2 min before the lipid-phase was pipetted off into pre-
weighed aluminum trays, allowing for evaporation and final gravimetric crude lipid determination.  
3.2.8 Carbohydrate. Total carbohydrate content of freeze dried algal biomass was determined in 
triplicate via a two-step acid hydrolysis and subsequent colorimetric analysis following a previously 
described method (Van Wychen and Laurens, 2015). Briefly, hydrolysis was achieved through a 
one hour incubation at 30 °C in 72% (weight %) sulfuric acid with vortexing every 15 minutes, 
followed by dilution to 4% and an additional one hour incubation in an autoclave at 120 °C. This 
process has been demonstrated to convert all carbohydrates to monomeric sugars. The 
hydrolysate was then neutralized with 0.5 N NaOH, centrifuged, diluted and heated with 3-methyl-
2-benzothiazolinone hydrazine (MBTH) and dithiothreitol, complexing all monomeric sugars. 
Monosaccharide concentration was then quantified against glucose standards based on 
absorbance at 630 nm in triplicate microplate wells. 
3.2.9 Protein. Percent of dry weight as protein was determined by multiplying total elemental 
nitrogen (TN, as a weight percent of biomass) by a nitrogen to protein conversion factor. Nitrogen 
to protein conversion factors were determined through analysis of amino acid residuals (Lourenço 
et al., 1998),  which has been shown to be a reliable method for protein determination (Laurens et 
al., 2012). For C. reinhardtii, a conversion factor 4.94 g protein·g N-1 was calculated based on 
published amino acid profiles (Boyle and Morgan, 2009) No such data were available for S. 
obliquus, so amino acid profiling was conducted by Bio-Synthesis, Inc. (Lewisville, TX) and the 
nitrogen to protein conversion factor was determined to be 5.12 g protein·g N-1 (Table S3).  
3.2.10 Phosphate. Filtered supernatant was analyzed in triplicate for orthophosphate via the 
ascorbic acid method (4500-P, E; (APHA et al., 2012)) modified for a microplate. Samples were 
reacted with sulfuric acid, ammonium molybdate, antimony potassium tartarate, and ascorbic acid 
for 15 minutes, producing a blue-colored phosphomolybdic acid that was added in triplicate to 
microplate wells to measure absorbance at 880 nm on a EpochTM 2 microplate spectrophotometer 
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(Biotek®, Winooski, Vermont). The method detection limit (MDL) was determined to be 0.011 mg 
P·L-1 (SM Section 1.1.1, Table S1), following previously established procedures (WI DNR, 1996).  
Briefly, 9 replicates of the same concentration were analyzed using the previously described 
method, and MDL was defined as the product of the t-value and the sample standard deviation of 
those replicates. MDL was accepted when 10 times the calculated MDL was greater than the spike 
value used.  
3.2.11 Ammonium. Filtered supernatant was analyzed in triplicate for soluble ammonium using 
the phenate method (4500-NH3, F; (APHA et al., 2012)) modified for a microplate. Samples were 
reacted with phenol, sodium citrate, and sodium hypochlorite catalyzed by sodium nitroprusside, to 
produce indophenol. Absorbance was measured in triplicate at 640 nm. Method detection limit was 
determined to be 0.012 mg N·L-1 following the same procedure as described above (SM Section 
1.1.2, TableS2). 
 
3.3. RESULTS AND DISCUSSION 
3.3.1 N:P ratio of biomass. All reactors were operated continuously for at least 2.5 SRTs and to 
steady state before 24-hour sampling began. N:P biomass ratio had a negative linear correlation 
(R2 = 0.98; mS.o. = -0.437; mC.r. = -0.067) with increasing SRT for both S. obliquus and C. 
reinhardtii (Figure 3.1) varying from 9.9:1 to 5.0:1 and 4.7:1 to 4.3:1, respectively. A single 
exception to the linear trend was the longest SRT (21.8 days) for S. obliquus of 5.3:1, which was 
not statistically different (student's t test, one tailed, p=0.05) than the lowest observed N:P ratio of 
5.0:1, at SRT 17.5 days (the data presented in Figure 3.1 can be found in Tables S4 and S6 of 
the SM). These data suggest minimum N:P mass ratios for S. obliquus and C. reinhardtii are 
roughly 5.0:1 and 4.3:1, respectively. A minimum N:P ratio in this range is reasonable given that P-
rich ribosomes – the major sink of intracellular structural phosphorus – have a N:P ratio of 3:1, and 
cells require other N-rich components to function (Sterner and Elser, 2002).  
 Nutrient limitation – defined as no detect measurements either nitrogen (<0.0117 mg N·L-1, 
section 1.1.2 of the SM) or phosphorus (<0.0113 mg P·L-1, section 1.1.1 of the SM) preceding 
experimentation and consistently throughout the entire diel cycle – was reached for all reactors 
with SRTs greater than 8 days (with the exception of one time point for S. obliquus at an SRT of 
17.5 days; see section 2.2 of the SM). Those cultures with biomass N:P ratios above or below the 
influent N:P ratio of 7.84 (mass:mass) exhibited nitrogen or phosphorus limitation, respectively. 
The shortest SRT condition for each organism (6.3 days for S. obliquus and 7.0 days C. 
reinhardtii) did not reach nutrient limitation (> 35 mg N·L-1; > 0.80 mg P·L-1). However, N:P linearity 
held across all observed nutrient conditions for both S. obliquus (non-nutrient limited, N-limited, 
and P-limited; Figure 3.1A) and C. reinhardtii (non-nutrient limited and P limited; Figure 3.1B). To 
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the author's knowledge, this is the first time this relationship has been experimentally observed 
across multiple limiting conditions for SRTs greater than 7 days; it has only been modeled under 
dual-limitation.  
 
 
Figure 3.1. The N:P ratio of algal biomass versus SRT. (A) S. obliquus growth transitioned from 
non-nutrient to nitrogen limitation (orange shading, top of figure), and then to phosphorus limitation 
(blue shading, top of figure). Concurrent with nutrient limitation, N:P of biomass transitioned across 
the influent N:P ratio (shown by the dashed blue line) along a linear path. The solid arrow identifies 
a theoretical point of dual-limitation of both nitrogen and phosphorus at a SRT of approximately 
10.3 days. (B) C. reinhardtii growth transitioned from non-nutrient to phosphorus limited growth, 
while biomass N:P ratio remained below supply ratio, consequently never experiencing nitrogen 
limitation. N:P of biomass decreased linearly with SRT, and transitioned from non-nutrient to 
nutrient limitation at approximately the same SRT as S. obliquus. 
 
 The dependence of biomass N:P ratio on SRT is consistent with previous work establishing a 
connection between cellular growth rate and cellular stoichiometry (Sterner and Elser, 2002). This 
relationship is known as the growth rate hypothesis, linking the cellular constituents necessary for 
carbon assimilation (i.e., growth) to the macronutrients composing them. These constituents 
(namely proteins and ribosomes, the latter being comprised of RNA and proteins) are the major 
sinks of nitrogen and phosphorus, and are present at a ratio in the cell to accommodate a given 
growth rate.  Across growth rates, structural N and P requirements for this cellular machinery 
changes. For influent with a N:P mass ratio in the range of 4:1 (Figure 3.1) to 22:1 (Geider and La 
Roche, 2002) there may exist a growth rate at which the structural N and P requirements of a 
microalgal species matches the influent N:P ratio, enabling dual-limitation. This point of dual-
limitation – referred to as the critical ratio (Rc) – is the structural N:P requirement of a species of 
microalgae. Rc can most reliably be observed when the influent N:P ratio exactly matches 
stoichiometric requirements, thereby deterring luxury uptake for the storage of macronutrients 
(Ingestad, 1982; Sterner and Elser, 2002). While the experiments presented in this work were not 
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explicitly designed to measure Rc, the linear decrease of N:P ratio with increasing SRT suggests 
that microalgal structural N and P requirements can match influent N:P ratios as low as 4:1 in the 
two species tested. The stoichiometric variability afforded by the dependence of Rc on cellular 
growth rate could potentially be leveraged as a powerful tool to manipulate N:P recovery and 
achieve dual-limitation at a WRRF.   
 Previous studies have modeled Rc across a wide range of growth rates (Ågren, 2004; Terry 
et al., 1985), but these models relied on cultivation data with dilution rates from 0.13 to 1.7 d-1: 
much faster than the dilution rates used in this work (0.046 to 0.16 d-1). When SRT data presented 
in Figure 3.1 are used to estimate growth rate by assuming maintenance is a fixed fraction of 
maximum specific growth rate – commonly observed to be 4-7% for phototrophs (Zhao et al., 
2008) – N:P vs. growth rate remains linear (R2=0.94 and 0.92 for S. olbiquus and C. reinhardtii, 
respectively) matching the hypothesized (but never confirmed) changes in Rc at these low growth 
rates (Ågren, 2004; Terry et al., 1985). In fact, the modeled slopes by Terry and colleagues (Terry 
et al., 1985) ranged from approximately 3.3 to 5.3 g-N·g-P-1·day across three species (Pavlova 
lutheri, Phaeodactylum tricornutum, and Scenedesmus sp.), which is quite similar to the slope of 
5.9 g-N·g-P-1·day observed here for C. reinhardtii. The slope modeled by Ågren (2004) was higher 
at 16.5  g-N·g-P-1·day for Selenastrum minutum, but still only 36% of the experimentally derived 
slope of 46 g-N·g-P-1·day observed here for S. obliquus. This experimental work demonstrates that 
the previously modeled dependency of Rc on growth rate reflected actual changes in microalgal 
N:P ratio under continuous operation and at medium N:P ratios above and below the Rc (i.e., both 
N-limited and P-limited conditions), suggesting that the theoretical considerations used to model Rc 
at lower SRTs are also valid at higher SRTs more relevant to intensive wastewater treatment 
systems. Therefore, microalgal stoichiometric dependency on growth rate is a biological 
phenomenon that could be used to target or adjust N:P recovery ratio of a microalgal system. 
 
3.3.2 Carbohydrate Storage Dynamics. 24-hour sampling enabled the analysis of biochemical 
and nutrient dynamics across a simulated diel cycle, and daily trends could then be compared 
across SRTs. Lipid and carbohydrate content were normalized to protein to more accurately 
characterize dynamics in storage products (Guest et al., 2013). Across all experiments and 
sampling points, the mass ratio of carbohydrate to protein varied from 0.29 to 0.55 for S. obliquus 
and 0.35 to 0.52 for C. reinhardtii. The mass ratio of lipid to protein also varied across 
experiments, ranging from 0.22 to 0.35 and 0.34 to 0.52 for S. obliquus and C. reinhardtii, 
respectively. However, while carbohydrate content varied predictably and consistently with the diel 
cycles (Figures A2 and A3), no trends were observed in diel lipid content of biomass except for S. 
obliquus at an SRT of 8.9 days (Figures A4 and A5). 
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 Cellular carbohydrate content (i.e., carbohydrate to protein ratio) increased during times of 
high irradiance and declined during times of little or no irradiance for both S. obliquus and C. 
reinhardtii across all experiments (e.g., Figure 3.2A). Lipid dynamics only mirrored this trend at an 
SRT of 8.9 days for S. obliquus, which was one of two experiments under nitrogen limitation (a 
well-established trigger for lipid accumulation (Hu et al., 2008)). Both species exhibited their 
highest carbohydrate content approximately 3 to 5 hours after peak light, and lowest carbohydrate 
content just before or near the beginning of the light period. This trend of biopolymer storage 
during periods of high energy (i.e., high irradiance) and degradation during periods of low energy 
(i.e., dark or low light) is consistent with the stabilization of growth via stored carbon consumption. 
These dynamics enabled continuous and complete nutrient recovery at all but the lowest SRTs 
(which did not demonstrate nutrient limitation at steady state).  
 
 
Figure 3.2. (A) The carbohydrate to protein ratio across a 24-hour cycle at an SRT of 8.9 days 
increases and decreases with the light cycle, while nitrogen limitation (orange hatching) was 
maintained throughout the entire 24-hour period. Two metrics, dynamic carbohydrate to protein 
and static carbohydrate to protein were derived from diel trends. (B and C) Dynamic carbohydrate 
to protein (circles and diamonds) and static carbohydrate to protein (bars) are shown for (B) S. 
obliquus and (C) C. reinhardtii. Nitrogen limitation (orange hatching) and phosphorus limitation 
(blue hatching) are shown by horizontal bars above figures (B) and (C) and indicate no detect 
measurements of aqueous nutrient at all time points. The dynamic carbohydrate to protein ratio for 
nutrient-limited cultures of S. obliquus decreases with increasing SRT, and a similar general trend 
was observed for C. reinhardtii. *An incomplete dataset was used to produce these data (see SM 
Section S2.3). 
 
 Diel dynamics of stored carbohydrate were used to define two metrics: static and dynamic 
carbohydrates. Static carbohydrate was defined as the minimum carbohydrate content over a 24-
hour period, and consists of both functional carbohydrates and storage carbohydrates not 
mobilized for growth during dark periods. Dynamic carbohydrate is the carbohydrate stored and 
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mobilized during a diel cycle. Dynamic and static carbohydrate values were calculated in two 
ways: (i) normalized to protein for specific values of carbohydrate mobilized per functional 
biomass, and (ii) as absolute concentration, for process-wide mobilization of carbohydrate. Static 
carbohydrate to protein ratio varied from 0.29 to 0.39 mg·mg-1 for S. obliquus and from 0.35 to 
0.42 mg·mg-1 for C. reinhardtii, and was not determined to be statistically different across SRTs for 
each species (Tukey's Test, alpha=0.05, Tables A9, A10). Dynamic carbohydrate was 12 to 32% 
of total carbohydrate, and ranged from 0.05 to 0.20 mg·mg-1 for S. obliquus (Figure 3.2B) and 
0.09 to 0.13 mg·mg-1 for C. reinhardtii (Figure 3.2C). Dynamic carbohydrate storage (based on 
carbohydrate to protein ratio) was found to be statistically different across SRTs for S. obliquus, 
but not for C. reinhardtii (Tukey's Test, alpha=0.05, Tables A11, A12).  
 Given that nutrient supply rate was fixed across all experiments, it was expected that the 
absolute mobilization of carbohydrate (dynamic carbohydrate, mg·L-1) in the reactor would not vary 
across experimental conditions. In fact, absolute mobilization of carbohydrate across SRTs were 
not statistically different (Tukey's test, alpha = 0.05, Table A13) across all nutrient-limited cultures 
(Figures 3.3C, 3.3D; data points). Specifically, 56 +/- 10 mg·L-1 (average +/- standard deviation) 
and 52 +/- 4 mg·L-1 of carbohydrate was mobilized by S. obliquus and C. reinhardtii, respectively. 
Because lower SRTs resulted in lower VSS concentrations (Figures 3.3A, 3.3B), a smaller 
quantity of biomass was responsible for nutrient assimilation and growth. Thus, more carbohydrate 
was mobilized per cell (i.e., higher dynamic carbohydrate to protein ratio) for nutrient limited 
cultures at lower SRTs (Figures 3.2B, 3.2C). Although static carbohydrates were not 
experimentally disaggregated into functional carbohydrates and unutilized storage carbohydrates, 
the apparent increasing trend in static carbohydrate to protein ratio in C. reinhardtii (Figure 3.2C, 
bars) suggests (but does not definitively confirm) these cells may accumulate unused storage 
polymers at higher SRTs. This observation warrants future research, as the ability to accumulate 
carbon in excess of diel needs could enable more resilient treatment processes and provide 
opportunities to tailor biochemical composition for downstream processing to biofuels and 
bioproducts.  
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Figure 3.3. (A and B) Total suspended solids (circles and diamonds) and volatile suspended 
solids (crossed circles and diamonds) increased with SRT for both (A) S. obliquus and (B) C. 
reinhardtii. (C and D) Dynamic carbohydrate (circles and diamonds), static carbohydrate (bars), 
and total carbohydrate (dashes) are shown for (C) S. obliquus and (D) C. reinhardtii. Nitrogen 
limitation (orange hatching) and phosphorus limitation (blue hatching) are shown by horizontal bars 
above figures (A-D) and indicate no detect measurements of aqueous nutrient at all time points. 
Dynamic carbohydrate was relatively constant with SRT compared to static and total carbohydrate, 
which increased in conjunction with suspended solids. Red X's in (C) are an overlay of dynamic 
carbohydrate data from (D) showing similarity between S. obliquus and C. reinhardtii carbohydrate 
degradation. *Suspended solids data was not collected at this SRT (see SM Section S2.3). 
 
 
3.3.3 Nighttime nutrient uptake and implications of diel carbon dynamics. Stored carbon 
dynamics observed in all experiments followed the same trend: an increase in storage during times 
of high irradiance and decrease during times of low or no irradiance. The bulk of dynamic 
carbohydrates, up to 81% and 82% for S. obliquus and C. reinhardtii, respectively, were consumed 
when the lights were completely off (i.e., simulated night). During the night, we observed no 
detection of the limiting nutrient, even though nitrogen and phosphorus would have accumulated to 
more than 400 and 60 times their pre-determined method detection limits (Section A1.1 of the 
SM), respectively, had there been no uptake when the lights were off. 
 To further examine the relationship between mobilization of carbohydrate and the uptake of 
nutrients in the dark, nighttime carbohydrate consumption (i.e., dynamic carbohydrate) was 
normalized to nighttime nutrient uptake. Carbohydrate consumed per nitrogen recovered ranged 
from 3.5 to 6.1 mg-carbohydrate·mg N-1 and was not statistically different for all nutrient limited 
reactors for both species (Tukey's Test, alpha = 0.05, Table A14). The carbohydrate mobilized for 
phosphorus uptake ranged from 16.0 to 26.6 mg carbohydrate mg P-1 was not statistically different 
across all P-limited and non-nutrient limited conditions for both species of microalgae (Tukey's 
Test, alpha = 0.05, Table A15). 
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 Using previously published models of biological growth on stored carbohydrate and 
stoichiometric parameters calibrated for C. reinhardtii (Guest et al., 2013), biomass yield and 
associated nutrient uptake on stored carbohydrate were calculated and used to provide modeled 
ratios of carbohydrate consumed to nutrient recovered (Equation 1). These modeled ratios were 
found to be consistently higher than the actual observed carbohydrate mobilized to nighttime 
nutrient uptake ratios; experimental observations were on average a factor of 1.77 times more 
efficient for all nutrient limited cultures (Table A7). However, calculated experiment carbohydrate 
consumption for nighttime biomass production ratio (by mass) averaged 1.23 for the same group 
of cultures, 30% more efficient than the modeled biomass production rate on stored carbohydrate, 
1.76 m·m-1,  suggesting high efficiency in conversion of carbohydrate to functional biomass (Table 
A7). This high conversion efficiency can be explained in a few ways. First, growth rate could 
change with the diel cycle, allowing accelerated growth during periods of high irradiance, and 
slower growth during periods of darkness so that stored carbohydrate consumption could be 
mobilized for luxury uptake of limiting nutrient. Although there were no significant diel variations in 
the limiting nutrient content assimilated into the biomass, this likely occurred to some small degree, 
as average non limiting nutrient uptake rates were lower in the dark period, an observation that 
has also been made previously in cultures subject to diel irradiance changes. (Terry et al., 1983) 
Second, the analyses here could have underestimated the internal energy reserves mobilized 
during the night time, both by underestimating dynamic carbohydrate due to the inability to 
measure the actual minimum and maximum carbohydrate content using 13 sample points, and by 
not including any diel lipid dynamics that may have been present. 
(1)                  ηmodeled [g carbohydrate-1·g nutrient-1] = !!"!"!!"#$ · !!!"!!!"#$%&& · TN 
 where, 
  Y!"!", is the yield of polyglucose on CO2 fixed to G3P 
  Y!"#$ is the yield of biomass on CO2 fixed to G3P 
  MM!" is the molar mass of carbohydrate  
  MM!"#$%&& is the molar mass of biomass (from CHNP data for both species) 
  TN is the percent of biomass as either nutrient, nitrogen or phosphorus 
 
 The efficiency of microalgal growth and nutrient recovery during dark periods on stored 
carbon has implications both for the processing of biomass for added value and for a nutrient 
recovery system seeking to cost effectively maintain nutrient limitation. The influence of SRT on 
biochemical composition was most significant in these experiments at the transition from non 
limited cultures to limited cultures, resulting in high variability in carbohydrate content specifically at 
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these intermediate SRTs. The lipid and protein rich biomass that results after anabolism on stored 
carbohydrate at the end of the dark period is well suited for hydrothermal liquefaction conversion of 
biomass to a biodiesel precursor, while the more carbohydrate rich biomass at higher SRTs and at 
the end of the light period is more suited for fermentation, yielding a bioethanol precursor. 
Regardless of post-treatment biomass processing, biochemical composition can be expected to be 
less variable when not under nutrient limitation (low SRTs) and at higher SRTs, where ample 
biomass is available for growth.   
 
3.4. CONCLUSIONS 
This research sought to elucidate the natural responses of microalgae to practical design 
parameters under slow growth rates, continuous flow conditions, and natural light cycles to better 
understand how to advance microalgal wastewater treatment technologies. Past work in limnology 
has demonstrated a link between growth rate and N:P content of algal cells at fast dilution rates 
(0.13 to 1.7 d-1) (Ågren, 2004; Terry et al., 1985), and this research built on that understanding by 
examining the stoichiometric variability of two microalgal species at growth rates that are more 
likely to be able to achieve reliable and economical 24-hour nutrient recovery at water resource 
recovery facilities (dilution rates of 0.046 to 0.16 d-1). The observed linearity of N:P of biomass for 
both organisms across a wide range of SRTs suggests the same metabolic principle governs 
nutrient uptake across N-limited, P-limited, and non-nutrient limited conditions. This contradicts the 
commonly held assumption that, at slow growth rates, algae will match influent N:P ratios (Geider 
and La Roche, 2002; Goldman et al., 1979; Klausmeier et al., 2004; Sterner and Elser, 2002). 
Instead, this supports the theoretically based explanation that microalgal N:P ratio is governed by 
growth rate (Agren, 2004; Elser, 2002), extending current understanding to slower growth rates 
likely needed for process intensification. While the extent of intraspecific stoichiometric plasticity 
has been increasingly in question (Hall et al., 2005; Klausmeier et al., 2008), these data show a 
level of N:P plasticity coupled with an inability to match supply N:P ratio at low growth rates unlike 
what has previously been reported. Other mechanisms for N:P variability in microalgae include 
luxury uptake of N as nitrate and P as polyphosphate (Goldman et al., 1979; Klausmeier et al., 
2004; Rhee, 1978). Although these mechanisms may offer additional opportunities to increase N 
and/or P uptake, it should be noted the traditionally accepted microalgal ability to manipulate 
stoichiometry to match input N:P ratios (through luxury uptake) has been shown to be more limited 
than previously thought (Klausmeier et al., 2008). Therefore, achieving targeted ratios of N:P 
recovery through controlled management of growth rate may offer a feasible alternative to design 
and operate microalgal systems able to target dual limitation of nitrogen and phosphorus, 
simultaneously achieving “no detect” levels of both nutrients. 
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Future microalgal wastewater treatment systems will likely utilize a mixed community of 
microalgal species, affording them resiliency and adaptability that could be leveraged to achieve 
nutrient recovery goals. Mixed microalgal communities may naturally select for a culture 
composition that limits both of these macronutrients, providing an additional means to reach dual 
nutrient recovery. Each of the microalgal strains examined by this study and past work (Ågren, 
2004; Terry et al., 1985) (including Pavlova lutheri, Phaedactylum tricornutum, Scenedesmus 
spirulina, Selenastrum minutum, Scenedesmus obliquus, and Chlamydomonas reinhardtii) have 
shown similar inverse relationships between N:P and dilution rate, suggesting that the relationship 
for a mixed community could potentially be characterized. The speed at which changes to SRT 
can shift the critical ratio of a mixed culture of microalgae and the rate at which ecological shifts 
drive a mixed community toward dual limitation need further investigation. 
 Continuous diel nutrient limitation demonstrates the ability of microalgal systems to 
overcome another significant perceived obstacle of phototrophic wastewater treatment processes: 
a lack of nutrient recovery capacity at night. The diel stored carbohydrate cycle was shown to have 
the ability to enable complete nutrient limitation in periods of darkness, across both N- and P-
limiting conditions. Dynamic carbohydrate storage under non-nutrient limited conditions was less 
reliable for S. obliquus, and warrants future research to better understand the implications of not 
achieving daytime nutrient limitation. Further studies investigating the diel dynamics in microalgae 
known for lipid accumulation, both with and without nitrogen limitation, are also needed to better 
understand the potential benefit of the diel lipid cycle for nutrient recovery. In addition, microalgal 
biomass can be utilized as a biofeedstock for fertilizers and bioenergy, particularly microalgae with 
excess carbon storage. However, it is the utility of stored carbon for nighttime nutrient uptake, the 
ability to control community N to P recovery ratio, and the potential to recover a broader spectrum 
of organic and inorganic nutrients that will motivate the implementation of microalgal systems to 
provide continuous and total nutrient recovery at future water resource recovery facilities. 
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Chapter 4. Conclusions  
 
4.1 Implications of Microalgal Stoichiometry. As was discussed extensively in previous 
sections, there are two mechanisms by which microalgal stoichiometry changes: through 
shifting structural requirements, and luxury uptake of nutrient for storage in intracellular pools. 
Luxury uptake of nutrients to match supply ratio has struggled to live up to expectations 
(Klausmeier et al., 2008) but structural nitrogen and phosphorus are direct functions of growth 
rate (Ågren, 2004), making SRT the most compelling mechanism by which nutrient recovery 
ratio could be governed and potentially managed by plant operators.  
 Due to the biological activity of influent waste streams and the potential for collapse of a 
monoculture treatment system, a mixed community must be employed for a phototrophic 
system, complicating the relationship between SRT and nutrient recovery. To think logically 
through the relevance of this relationship to wastewater resource recovery technologies, first 
consider a treatment system operating under nutrient limitation with two species of microalgae 
in it. Each species has its own structural stoichiometric requirement of nitrogen and phosphorus 
at any given SRT, therefore the relative abundance of the two species can be predicted 
assuming nutrient limitation and if the supply nitrogen to phosphorus ratio is known. Below is an 
example of how this could be done using two stoichiometric equations similar to what was 
observed in this experiment for two species of microalgae, A and B.  
 
NA·PA-1 = -0.5·SRT + 11.5  and  NB·PB-1 = -0.25·SRT + 7.75 
 
Given a supply wastewater nitrogen to phosphorus ratio of 6, and an SRT of 10 days N:PA = 6.5 
and N:PB = 5.25, the following equations can be determined: 
 
NA + NB = 6;  PA + PB = 1;  NA·PA-1 = 6.5;  NB·PB-1 = 5.25 
 
Therefore, it can be determined that 35% of the nitrogen and 60% of the phosphorus will be 
consumed by species A, and the rest by B, for 100% removal of both nitrogen and phosphorus. 
It is a logical conclusion that two species of microalgae would compete for nutrient in this way, 
eventually reaching an equilibrium, because each has a preferred stoichiometry, and assuming 
the nutrient supply ratio lies between their optimal stoichiometries at a given growth rate, they 
can reach a relative abundance where an optimal supply ratio is provided to each species, 
recovering all nutrients. Given the assumed fixed growth rates set by SRT, the microalgae must 
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rely on external supplies of nutrients because any luxury storage would be quickly degraded in 
continuous culture (Ågren, 2004; Ingestad, 1982), and would be particularly disadvantageous at 
dual limitation. Such a culture would reach dual limitation through no other means than natural 
adjustment of relative abundance, and accommodation of structural nutrient requirements. This 
calculation relies on the assumptions that growth rates remain constant, which are determined 
by dilution rate (SRT-1), and that there are no significant diel variations in nutrient content or 
uptake of biomass, something that was confirmed for all 9 replicates for which full, 24 hour 
sampling was performed. These assumptions were accidentally experimentally confirmed during 
experimentation when a reactor operating near an SRT of 6 days was found to be operating 
continuously at dual nutrient limitation. The culture was found to be a mixed culture, appearing 
by microscope to be S. obliquus and C. reinhardtii, although this could not be confirmed as no 
biomass was collected for sequencing.  
 Increasing the number of species to three complicates matters dramatically, as there are 
now an infinite number of relative abundances of these three species that could result in dual 
nutrient limitation. However, the assumption can be made that the generally observed tendency 
of mixed communities to harbor incredible diversity (despite competition for the same 
resources), as is described in "the paradox of the plankton" (Hutchinson, 1961), will drive each 
species to be as abundant as possible. One solution can then be calculated providing an 
anticipated community composition, requiring only a characterization of all species 
stoichiometric dependency on SRT. This, relying on the assumption of maximum community 
diversity, could then be done for a mixed community of any number of species.  
 This of course can be experimentally tested, but is probably best left as a thought 
experiment. The implications of a model built in this way, for a community as biologically diverse 
as a wastewater fed phototrophic system, are limited. Instead, an empirical model could be 
developed reflecting the general trend of decreasing nitrogen to phosphorus ratio with 
increasing SRTs (see conclusions of Gardner-Dale et al., In preparation) across many species 
of microalgae.  
 
4.2 Dark Growth. One of the prevailing factors in the case for microalgal nutrient treatment 
systems is the ability to use stored energy in the form of biopolymers for the continued uptake of 
nutrients in the event of an intermittent energy source (a dark period, in the case of phototrophic 
systems) or in the event of a changing nutrient supply. While this study did not investigate the 
latter, the potential for unutilized carbohydrate pools to be available for nutrient uptake, 
particularly at higher SRTs, suggests there is a possibility of added resiliency in microalgal 
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systems. Previous studies have shown that optimal growth is achieved in cyanobacteria when 
all excess production is directed to carbohydrate (Foy and Smith, 1980), supporting this 
conclusion. Unfortunately, results from this study were not clear as to whether carbohydrate 
mobilization or carbohydrate storage adjusted to the amount of growth possible on available 
nutrient. If carbohydrate mobilization during the dark period is dictated by nutrient availability, it 
is reasonable to expect systems operated higher SRTs would be able to quickly recover spikes 
in nutrient to the system, providing a resilient and adaptable nutrient recovery system. Operation 
at such and SRT would effectively be in excess of nutrient recovery capacity (this would raise 
operating costs, as the system would be overdesigned for nutrient recovery needs), however 
excess production could be directed towards an excess pool of carbohydrate. This condition is 
perhaps supported by the experimental observation described in Section A2.2 of the supporting 
materials (Appendix A). Due to operator error at the beginning of the light cycle a spike of the 
limiting nutrient (phosphorus) was provided to the reactor, which was completely recovered two 
hours into the beginning of the 14-hour light cycle (by the second sample point). Only 1.8% of 
total irradiance is provided to the system within the first 2 hours of the 14-hour light cycle due to 
the sinusoidal curve used to mimic natural lighting, therefore it is reasonable to expect that 
stored carbohydrate was utilized during these times to recover available nutrient. Complete 
phosphorus limitation was maintained for the remainder of the experiment, suggesting that at an 
SRT of 17.5 days there was enough excess carbohydrate storage to recover an amount of 
phosphorus in addition to the phosphorus to which the system had been acclimated. However, 
the nutrient spike was provided at the beginning of the light period, and the exact magnitude of 
the spike is not known.  
 To investigate the mobilization of stored carbohydrate in comparison to dark synthesis of 
protein, a method that has been extensively employed in studies of microalgal metabolisms in 
the past (J.geider and Osborne, 1989) was used employing the following equation (Lambers, 
1985):  
 
  ξ = (1-Y)·Y-1    [g carbon respired · g-1 carbon incorporated] 
  
 Where Y is the ratio of dark synthesized protein to dark mobilization of carbohydrate and 
ξ is the cost of protein synthesis. 
 In the case of this experimental design, Y is the cost of protein synthesis from glucose 
and ammonium, for which the theoretical minimum of protein synthesis is ξ=0.25 (Penning de 
Vries et al., 1974). This analysis was performed for the cultures in this study by using the 
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magnitude of diel change in carbohydrate concentration as the dark mobilization of 
carbohydrate and an extrapolation of steady state biomass concentration and SRT for an 
estimation of dark protein synthesis. Steady state solids data and SRT allowed an estimation of 
biomass productivity, known biomass protein content was for extrapolation to protein 
productivity, and the duration of the dark period was used to determine dark protein synthesis. 
This method for determination of dark protein synthesis assumes the rate of protein synthesis 
did not decrease during night as has been the case in other studies of microalgal dark protein 
synthesis (Cuhel et al., 1984). A decrease in protein synthesis was not noted via diel changes in 
biochemical composition of biomass, although synthesis rate was not directly measured, as 
protein content of biomass was estimated by converting directly from nitrogen content of 
biomass to protein content of biomass. Using this method the average cost of dark protein 
synthesis, ξ, was calculated to be 1.16, 0.75, and 0.70 for nitrogen limited S. obliquus cultures, 
phosphorus limited S. obliquus cultures, and phosphorus limited C. reinhardtii cultures, 
respectively. These values generally higher than previously determined values for dark protein 
synthesis on glucose and ammonium, ξ=0.52 (Cuhel et al., 1984). However, when the dark 
period is considered to be 12 hours long, instead of 10 hours (a reasonable assumption given 
that the first and last hour of the light cycle remain <5% of maximum light intensity) ξ for each of 
the previous microalgal cultures becomes 0.8, 0.46, and 0.42 in the same order. Incorporating a 
maintenance rate of 0.1 d-1 (J.geider and Osborne, 1989), the cost of protein synthesis 
estimates reduces further to 0.62, 0.31, and 0.28 for the same group of cultures, approaching 
another in some cases the cost of synthesis for a typical microalgae ξ=0.32 (Shuter, 1979), and 
the theoretical minimum, ξ=0.25. 
 It is important to note that  ξ=0.003 for the non nutrient limited S. obliquus culture at an 
SRT of 6.3 days at a 10 hour dark period and not accounting for maintenance, which is much 
lower than the theoretical minimum ξ=0.25. Therefore, the measured consumption of 
carbohydrate could not have provided the necessary energy for protein synthesis, and the 
assumption that protein synthesis was constant throughout the light and dark cycles should not 
have been made. Interestingly, there was not a notable change in nitrogen content of the 
biomass across the entire diel cycle, therefore luxury uptake of nitrogen likely occured in this 
case, and protein was synthesized during the light, similar the reductions in dark protein 
synthesis that has been observed previously (Foy and Smith, 1980; Terry et al., 1983).  
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Chapter 5. Engineering Significance 
 
 As was discussed in the previous section, growth rate is the driver of many of the useful 
changes in the microalgal metabolism. Management of growth rate could allow a plant operator 
to tailor microalgal stoichiometry to that of an influent waste stream, while longer growth rates 
(i.e. higher SRTs) are what enable cultures to reach nutrient limitation via increased biomass 
concentration and more efficient irradiance utilization. Once cultures reach limitation, the longer 
growth rates, particularly phosphorus limited reactors, are able to efficiently use stored 
carbohydrate to maintain protein synthesis through the night (Section 4.2), and may have an 
excess carbohydrate buffer that could be utilized to recover more nutrients if the need arose. 
Therefore, there is a definite need to optimize the employment of growth rate so that the 
treatment system that can reliably and flexibly recover nutrients, while balancing the economics 
of rising SRTs (smaller footprint vs. more expensive membrane operation). Optimizing the 
economics with nutrient removal goals should be helped by the potential to market and reuse 
nutrients, or repurpose biomass for fuel.  
 Future microalgal nutrient recovery systems have a place following a traditional 
treatment process, recovering nutrients after traditional processes have removed the majority of 
BOD from wastewater, enhancing nutrient recovery abilities in conjunction with advancing 
nutrient removal regulations. Current U.S. and global political turmoil, despite threatening 
natural areas of the U.S. and worldwide, will not reverse the long term trajectory of increasing 
stringent nutrient regulation for our waterways. Microalgal treatment systems can coincide with 
an increasing awareness about anthropogenic impacts on our waterways and help to mitigate 
impacts by recovering organic nutrients and pushing down the limit of technology for biological 
nutrient treatment of inorganic nutrients. Microalgal systems also have a place following less 
conventional wastewater treatment technologies, complementing potential mainstream 
anaerobic digestion systems. These systems can produce energy in the form of methane, a 
carbon neutral version of the widely utilized "bridge fuel" to a renewable energy future, and in 
the process reduce BOD, however they do not remove or recover nutrients effectively. After 
harvesting valuable chemical energy from wastewater in the form of methane, such a water 
resource recovery facility could utilize a microalgal system to remove nutrients from water to 
levels below what is currently economical, harvest them for reuse, thereby helping to close the 
mineral phosphorus loop.  
 Future research needs include a focus on large-scale mixed community microalgal 
systems to determine the economic feasibility of reaching new levels of nutrient recovery. In 
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particular, interactions between species, the ability to actively manage N:P recovery ratio, and 
the resiliency of a mixed community to predators and nutrient spikes need further investigation. 
If these systems are to be coupled effectively with mainstream anaerobic digestion treatment, 
the effects of dissolved methane (a potent greenhouse gas) on microalgae should be 
investigated, and a better system for containment or removal of dissolved methane needs to be 
developed. Despite what sometimes seems like a slow crawl toward innovation in the field of 
wastewater treatment, water and phosphorus resources will only become more valuable in the 
future, and the opportunity to tap into the value flowing in wastewater should not be missed.  
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A1. Method development 
 
A1.1 Method Detection Limits (MDL) 
 
A1.1.1 Ascorbic acid phosphate method (4500-P, E) 
 
The following section explains the methodology and standards used to determine a method 
detection limits for the ascorbic acid method. First, standards are listed by which the MDL was 
determined, second the method used to propagate error to determine the standard deviation 
used is explained, followed by the data used for the final determination of MDL. 
 
The calculated MDL was accepted if it was less than the spike value and if the spike value was 
less than 10·MDL. All samples were plated in triplicate on a 96-well microplate, 9 replicates 
were plated at the spike level (0.05 mg P·L-1), and two blanks were plated.  
 
Calculation of Standard Deviation (analysis of variance method): 
 
n - number of samples within group 
N - Total number of samples 
EES(i) where i is one group = (variance within group)*(n-1) 
EESG = summation of all EES(i) 
GSS(i) =(group average - overall average)^2*(n) 
TGSS = summation of all GSS(i) 
Grand Variance = (EESG+TGSS)/(N-1) 
Standard Deviation = sqrt(Grand Variance) 
 
This method was used for finding the standard deviation of the two blanks (n = 3, N=6), and 
then again for the spike measurements after subtracting the absorbance of the average blank 
from each of the absorbance measurements for the spike. To incorporate standard deviation of 
the blank the following method was used  
 
Grand Variancespike=(Grand Varianceblank+EESG+TGSS)/(N-1) 
 
Data: 
 
Absorbance at 880nm shown below:  
(A 1-3: spike 1; A 4-6: spike 2 etc.)  
(E 1-2: blank 1; E 4-6 blank 2) 
 
Table A1. Absorbance at 880nm for determination of method detection limit for ascorbic acid 
phosphate method  
  1 2 3 4 5 6 7 8 9 10 11 12 
A 0.065 0.068 0.066 0.066 0.065 0.064 0.066 0.066 0.068 0.067 0.067 0.072 
B 0.064 0.065 0.063 0.069 0.069 0.065 0.064 0.069 0.065 0.065 0.066 0.067 
C 0.065 0.067 0.065 0.047 0.047 0.045 0.048 0.049 0.048 0.047 0.047 0.047 
D 0.048 0.046 0.047 0.049 0.047 0.048 0.05 0.047 0.047 0.047 0.046 0.046 
E 0.054 0.052 0.056 0.053 0.053 0.057 0.048 0.049 0.048 0.047 0.046 0.047 
F 0.048 0.048 0.047 0.047 0.05 0.049 0.046 0.048 0.049 0.046 0.048 0.047 
G 0.049 0.047 0.046 0.046 0.05 0.047 0.046 0.048 0.048 0.047 0.047 0.048 
H 0.048 0.049 0.048 0.047 0.048 0.047 0.046 0.049 0.048 0.048 0.076 0.049 
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MDL = (T value )· (Standard Deviation of absorbance at 880 nm) 
 
T value = 2.986 (9 spikes used) 
 
Calculated MDL = 0.0113 mg P·L-1 
 
 
A1.1.2 Phenate ammonium method (4500-NH3, F) 
 
The same procedure was used to determine an MDL for phenate method as was used for 
ascorbic acid method. 
 
All samples were plated in triplicate on a 96-well microplate, 9 replicates were plated at the 
spike level (0.07 mg N·L-1), and two blanks were plated.  
 
Data: 
 
Absorbance at 640nm shown below:  
(A 1-3: spike 1; A 4-6: spike 2 etc.)  
(E 1-2: blank 1; E 4-6 blank 2) 
 
Table A2. Absorbance at 640nm for determination of method detection limit for phenate 
ammonia method  
  1 2 3 4 5 6 7 8 9 10 11 12 
A 0.125 0.125 0.13 0.124 0.123 0.122 0.122 0.122 0.125 0.123 0.123 0.122 
B 0.128 0.126 0.125 0.125 0.125 0.124 0.122 0.124 0.125 0.121 0.122 0.121 
C 0.123 0.122 0.122 0.086 0.086 0.085 0.084 0.087 0.085 0.085 0.085 0.084 
D 0.084 0.084 0.084 0.085 0.085 0.085 0.086 0.086 0.085 0.085 0.084 0.085 
E 0.087 0.088 0.097 0.087 0.087 0.088 0.086 0.085 0.086 0.085 0.084 0.085 
F 0.085 0.085 0.084 0.085 0.086 0.084 0.084 0.086 0.086 0.086 0.085 0.086 
G 0.087 0.085 0.085 0.086 0.085 0.084 0.085 0.085 0.086 0.087 0.085 0.088 
H 0.086 0.085 0.084 0.087 0.086 0.085 0.084 0.084 0.087 0.086 0.086 0.086 
 
MDL = (T value )· (Standard Deviation of absorbance at 640 nm) 
 
T value = 2.986 (9 spikes used) 
 
Calculated MDL = 0.0117 mg N·L-1 
 
 
A1.2 Determination of TN to protein ratio for S. obliquus and C. reinhardtii 
 
Determination of protein as a percent of biomass in this study was performed using a previously 
described method (Lourenço et al., 1998), which has shown to be a dependable method 
(Laurens et al., 2012). This method requires a characterization of the amino acid content of a 
biomass sample and then a determination of the average nitrogen content in amino acids in 
biomass. The mass fraction of total amino acid mass to amino acid associated nitrogen can 
then be used as a total nitrogen to protein factor. Determination of total nitrogen as a percent of 
biomass and multiplication by this factor estimates the percent of biomass as protein. 
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Amino Acid AA/total AA recovered 
(mol·mol-1) 
Amino Acid	 AA/total AA recovered 
(mol·mol-1)	
Alanine 8.44	 Leucine	 8.7	
Arginine 9.48	 Lysine	 6.81	
Asparagine 9.41	 Methionine	 2.29	
Aspartatea --	 Phenylalanine	 5.66	
Cysteinea -- Proline 5.01 
Glutamine 11.49	 Serine	 6.24	
Glutamatea 	--	 Threonine	 6.15	
Glycine 5.59	 Tryptophana	 --	
Histidine 2.08	 Tyrosine	 3.61	
Isoleucine 3.76	 Valine	 5.47	
Table A3. Determined amino acid mass fraction of total recovered of amino acid for S. obliquus 
(a) Aspartate, cysteine, glutamate, and tryptophan were not included in the determination of this 
N to protein factor. 
  
The total nitrogen to protein factor of S. obliquus was determined to be 5.12a. 
 
Using the same method as described above, a previously determined amino acid composition of 
C. reinhardtii (Boyle and Morgan, 2009) was used to determine the TN to protein factor. 
Cysteine and tryptophan were not included in the determination of this factor due to the method 
used to determine amino acid composition, a possible source of error in the determination of N 
to protein factor.  
	
The total nitrogen to protein factor of C. reinhardtii was determined to be 4.94. 
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A2. Operational parameters and steady state conditions 
 
A2.1 Operational parameters and steady state conditions for S. obliquus 
 
Table A4. S. obliquus data across a range of SRTs.  
SRT (days) 6.3 8.9 10.0 13.4 17.5 21.8 
Steady State 
Limitation 
Not Nutrient 
Limited 
Nitrogen  
Limitation 
Nitrogen  
Limitation 
Phosphorus 
Limitation 
Phosphorus 
Limitation 
Phosphorus  
Limitation 
Reactor Volume 
(L) 5.06 5.07 5.02
c 4.96 4.92 5.38 
N Loading (mg 
N·L-1·day-1) 13.5 13.8 12.5 13.7 13.8 13.8 
P Loading (mg 
P·L-1·day-1) 1.73 1.75 1.59 1.74 1.76 1.76 
N:P Supply Ratio 7.84 7.84 7.84 7.84 7.84 7.84 
N:P Biomass 24 
hour Average 9.93 
+/- 
0.432 8.29 
+/- 
0.999 8.06 
+/- 
0.678 6.69 
+/- 
0.530 4.87 
+/- 
0.280 5.32 
+/- 
0.516 
Dynamic Carb to 
Protein Ratio 0.103 
+/- 
0.087	 0.177 
+/- 
0.041 0.137 
+/- 
0.029 .0766 
+/- 
0.028 .0762 
+/- 
0.033 .0474 
+/- 
0.036 
Dynamic Carb 
(mg L-1) 32.9 
+/- 
34.3 72.2 
+/- 
17.2 59.9 
+/- 
56.3 54.9 
+/- 
21.0 52.8 
+/- 
20.6 43.2 
+/- 
40.0 
Static Carb to 
Protein Ratio 0.322	
+/- 
0.052 0.386	
+/- 
0.029 0.29	
+/- 
0.020 0.334	
+/- 
0.028 0.347	
+/- 
0.028 0.347	
+/- 
0.028 
Static Carb 
(mg L-1) 131.1	
+/- 
25.3 211.4	
+/- 
24.3 168.6	
+/- 
42.2 285.0	
+/- 
23.6 291.7	
+/- 
21.1 391.8	
+/- 
48.7 
Totald Carb to 
Protein Ratio 0.424	
+/- 
0.069 0.564	
+/- 
0.029 0.427	
+/- 
0.020 0.411	
+/- 
0.020 0.387	
+/- 
0.017 0.395	
+/- 
0.023 
Total Carb 
(mg L-1) 164.0	
+/- 
31.9 283.6	
+/- 
24.3 228.6	
+/- 
42.2 339.9	
+/- 
23.6 344.5	
+/- 
21.1 435.0	
+/- 
48.7 
 (c) Reactor volume for SRT of 10.0 days was estimated by using the average volume of all 
other full-sized experimental runs.  
(d) Total carbohydrate is the sum of dynamic and static carbohydrate, or the maximum 
carbohydrate content of 13 sample points across a 24 hour cycle. 
 
A2.2 Phosphorus limitation S. obliquus SRT 17.5 days 
 
For two of three runs, the phosphate level in the sample was high enough for absorbance at 
time point 1 to be greater than that of standard E (0.125mgP/L). Corresponding phosphorus 
content was 0.16 and 0.17 mg/L at this time point. This is likely due to an overflow of influent 
into the system at the beginning of the 24-hr experiment, caused by the replacement of influent 
tubing immediately before experimentation began. The observed nutrient limitation following the 
first time point indicates that S. obliquus recovered all of this nutrient and maintained limitation 
for the remainder of the experiment. 
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Table A5. Phosphorus limitation of S. obliquus at an SRT of 17.5 days. Note that the first time 
point for this experiment had elevated aqueous phosphorus, followed by nutrient limitation for 
the remainder of the experiment. 
Sample Run 1 (880 nm) Run 2 (880 nm) Run 3 (880 nm) 
A 0.492 0.493 0.492 0.499 0.506 0.501 0.491 0.494 0.494 
B 0.394 0.385 0.389 0.394 0.396 0.395 0.388 0.392 0.386 
C 0.267 0.271 0.271 0.309 0.309 0.308 0.252 0.251 0.256 
D 0.148 0.148 0.148 0.173 0.172 0.173 0.148 0.147 0.148 
E 0.097 0.097 0.097 0.12 0.113 0.113 0.094 0.095 0.094 
Blank 0.052 0.051 0.051 0.052 0.053 0.052 0.051 0.051 0.052 
1 0.114	 0.113 0.11 0.114 0.111 0.11 0.112 0.114 0.112 
2 0.052 0.052 0.05 0.052 0.051 0.05 0.052 0.053 0.052 
3 0.051 0.052 0.051 0.051 0.052 0.051 0.052 0.052 0.052 
4 0.052 0.052 0.05 0.053 0.052 0.051 0.053 0.051 0.052 
5 0.051 0.051 0.051 0.05 0.051 0.051 0.05 0.051 0.051 
6 0.052 0.053 0.052 0.051 0.051 0.051 0.051 0.051 0.051 
7 0.053 0.052 0.053 0.051 0.052 0.051 0.054 0.054 0.054 
8 0.053 0.053 0.053 0.06 0.053 0.052 0.053 0.052 0.053 
9 0.053 0.05 0.05 0.051 0.05 0.051 0.052 0.051 0.05 
10 0.05 0.05 0.05 0.05 0.053 0.049 0.049 0.049 0.049 
11 0.05 0.051 0.05 0.05 0.05 0.053 0.05 0.05 0.05 
12 0.052 0.05 0.051 0.051 0.05 0.05 0.049 0.049 0.052 
13 0.051 0.051 0.052 0.05 0.052 0.052 0.049 0.052 0.051 
 
A2.3 Operational parameters and steady state conditions for C. reinhardtii 
 
Table A6. Chlamydomonas reinhardtii data across a range of SRTs  
SRT (days) 7.0d 8.9 10.3 13.2 
Steady State 
Limitation 
Not Nutrient 
Limited 
Phosphorus 
Limitation 
Phosphorus 
Limitation 
Phosphorus 
Limitation 
Reactor Volume 
(L) 1.42 4.75 5.11 4.90 
N Loading (mg 
N·L-1·day-1) 13.4 13.7 13.7 13.7 
P Loading (mg 
P·L-1·day-1) 1.71 1.75 1.75 1.74 
N:P Supply Ratio 7.84 7.84 7.84 7.84 
N:P Biomass 24 
hour Average 4.72 
+/- 
0.163 4.64 
+/- 
0.227 4.51 
+/- 
0.173 4.32 
+/- 
0.276 
Dynamic Carb to 
Protein Ratio 0.092 
+/- 
0.022	 0.132 
+/- 
0.044 0.883 
+/- 
0.050 .0998 
+/- 
0.040 
Dynamic Carb 
(mg·L-1) N/A
d  56.4 +/- 22.3 50.8 
+/- 
41.4 48.5 
+/- 
26.7 
Static Carb to 
Protein Ratio 0.394	
+/- 
0.007 0.350	
+/- 
0.038 0.376	
+/- 
0.034 0.425	
+/- 
0.026 
Static Carb  
(mg·L-1) N/A
d	  185.1	 +/- 23.4 278.7	
+/- 
24.6 293.9	
+/- 
32.3 
Total Carb to 
Protein Ratio 0.486	
+/- 
0.021 0.482	
+/- 
0.020 0.465	
+/- 
0.036 0.525	
+/- 
0.029 
Total Carb  
(mg·L-1) N/A
d	  241.5	 +/- 17.5 329.5	
+/- 
34.3 342.4	
+/- 
31.8 
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 (d) SRT 7.0 was run as a smaller reactor, only two sample points were taken (at estimated 
minimum and maximum carbohydrate storage, 2 hours and 14 hours into the light cycle) and no 
solids data were collected. 
 
A3. Conversion of carbohydrate for biomass production and nutrient 
uptake 
 
A3.1 Modeled nighttime uptake of nutrient by conversion of stored carbohydrate 
 
A published models based on the efficiency of biochemical conversions (Guest et al., 2013) was 
used to determine the theoretical conversion of carbohydrate to biomass. The following 
constants were calibrated for C. reinhardtii, and the produced metabolic conversion efficiency 
was also used for comparison to experimental values determined for S. obliquus. The 
necessary equations are shown below:  
 
Table A7. Explanation of equations used to derive the carbohydrate requirement to recover 
nutrients nitrogen and phosphorus. 
Description [units] Nutrient-Available Metabolism Nutrient-Deplete Metabolism 
Conversion of stored 
carbohydrate to recovered 
nitrogen or phosphorus [g 
carbohydrate-1·g nutrient-1] 
ηmodeled = !!"!"!!"#$ · !!!"!!!"#$%&& · TN 
Yield of polyglucose on CO2 
fixed to G3P [(C moles PG)·(C 
moles CO2 fixed to G3P)-1] 
Y!"!" = !" ! !"!!"!" ! !"!!" Y!"!" = !" ! !"!!"!" ! !"!!" 
Yield of biomass on CO2 fixed 
to G3P [C moles biomass)·(C 
mole CO2 fixed to G3P)-1] 
 
Y!"#$!"  = Y!"#$!"  = !" ! !"#!!"!" ! !"!! ! !"!! ! !"#!!" !!"#!!"!! ! !"!! ! !"!!"!! 
 
Table A8. Parameters and necesaary values for the calculations to determine  
Parameter Description Units Value !!" Efficiency of oxidatvie phosphorylation 
(P/O ratio) in mitochondira 
moles of ATP produced 
per mole of NADH2 
oxidized 
2.0 !! CO2 production from the synthesis of 1 C-
mole of biomas precursors from acetyl-
CoA 
C-moles of CO2 produced 
per C-moles of XCPO 
0.266 !! CO2 production from the catabolism of 
acetyl-CoA to generate reducing power for 
NO3- reduction for assimilation 
C-moles of CO2 produced 
per C-moles of XCPO 
0.436 !! ATP requirement for synthesis of biomass 
precursors from acetyl-CoA 
moles ATP per C-mole of 
XCPO 
0.66 !! ATP required for polymerization of 
biomass precursors (monomers) to 
functional biomass 
moles ATP per C-mole of 
XCPO 
1.5 TN  Percent of biomass as nutrient, nitrogen or 
phosphorus (unitless) 
SRT and 
species specific !!!" Molar mass of the storage carbohydrate 
polyglucose g
-1·mole 30 !!!"#$%&& Molar mass of biomass for C. reinhardtii 
and S. obliquus g
-1·mole 24.22 
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A3.2 Nighttime uptake of nutrient by conversion of stored carbohydrate 
 
To determine experimental values of carbohydrate consumption per nutrient recovered, the 
absolute dynamic carbohydrate consumption was divided by the nutrient assimilated into 
biomass over a 10-hour (nighttime) period. Nutrient assimilated into biomass was estimated by 
using steady state biomass productivity, and biomass nitrogen and phosphorus composition. A 
representative calculation is shown below:  
 !"#$%&'(#")* !"#$%&'( !" ! !"#$ !"!#$!"#$%&!# !"#$%"!"& !"#$%& !"# !"#$ !"#$%& = !"#$%&'(#")* !"#$%&'( !" ! !"#$ !"!#$!" · (!"#$%&& !"#$%&'()('*) · 1024   =  
 
 (!"# % !"#$ ! !"# % !"#$) · !""!" · (!""!"#) · 1024   = !" · !% !"#$ · !"#!" · !"   
 
TSS is used for biomass productivity because TN was determined for both nitrogen and 
phosphorus as a percent of freeze dried biomass (i.e. TSS). These values were then averaged 
and compared to the modeled value from the previous section and were found to be 1.77 times 
greater on average.  
 
A3.3 Biomass yield via conversion of stored carbohydrate 
 
To determine experimental values for biomass produced on stored carbohydrate absolute 
dynamic carbohydrate was divided by the estimated biomass productivity over a 10-hour period. 
A representative calculation is shown below: 
 !"#$%&'(#")* !"#$%&'( !" ! !"#$ !"!#$!"#$%&& !"#$%&'()('* !"#$%& !"# !"#$ !"#$%& = (!"# % !"#$ ! !"# % !"#$) · !"" (!""!"#) · 1024   = 
 
  !" · !% !"#$ · !"" · !"#!" · !""    
 
These values were then averaged and compared to the modeled value that can be calculated 
from the equations shown in Table S7, and were found to be 1.24 times greater on average.  
 
 
A4. Tukey's Tests 
 
Tukey's tests were performed by considering each SRT as an individual treatment and were 
only performed for SRTs with triplicate data (i.e. excluding SRT 7.0 days, C. reinhardtii). For 
each analysis, normality was confirmed using the Shapiro-Wilk test, and Levene's test was used 
to confirm homogeneity of variance. For each Tukey test the treatment averages and groupings 
that were not found to be statistically different are shown below. α = 0.05 for all tests. SRTs with 
the same group letter were not able to be determined to be statistically different from one 
another with 95% confidence.  
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Table A9. Tukey Test for static carbohydrate to protein for all S. obliquus. None of the points in 
this sample group were described as statistically different with 95% confidence. 
 
 
Table A10. Tukey Test for static carbohydrate to protein for nutrient limited C. reinhardtii. None 
of the points in this sample group were described as statistically different with 95% confidence. 
 
SRT Static Carbohydrate to 
Protein (g·g-1) 
Groups 
8.9 0.350 a 
10.3 0.376 a 
13.2 0.425 a 
 
Table A11. Tukey Test for dynamic carbohydrate to protein for all S. obliquus. Four separate 
grouping were made from these treatments that were described as statistically different with 95% 
confidence. 
 
 
Table A12. Tukey Test for dynamic carbohydrate to protein for nutrient limited C. reinhardtii. 
None of the points in this sample group were described as statistically different with 95% 
confidence. 
SRT Dynamic Carbohydrate 
to Protein (g·g-1) 
Groups 
8.9 0.132 a 
10.3 0.088 a 
13.2 0.010 a 
 
 
 
 
 
 
 
 
 
SRT Static Carbohydrate to 
Protein (g·g-1) 
Groups 
6.3 0.322 a 
8.9 0.385 a 
10.0 0.290 a 
13.4 0.334 a 
17.5 0.310 a 
21.8 0.347 a 
SRT Dynamic Carbohydrate 
to Protein (g·g-1) 
Groups 
6.3 0.103 bc 
8.9 0.174 a 
10.0 0.137 ab 
13.4 0.077 cd 
17.5 0.076 cd 
21.8 0.047 d 
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Table A13. Tukey Test for dynamic carbohydrate for all SRTs (excluding 7.0 days for C. 
reinhardtii) of both species. Two separate grouping were made from these treatments that were 
described as statistically different with 95% confidence. All nutrient limited SRT were not deemed 
to have statistically different diel carbohydrate consumption.  
 
 
 
 
 
 
 
 
 
 
Table A14. Tukey Test for dynamic carbohydrate normalized to nitrogen recovered for all SRTs 
(excluding 7.0 days for C. reinhardtii) of both species. Two separate grouping were made from 
these treatments that were described as statistically different with 95% confidence. All nutrient 
limited SRT were not deemed to have statistically different carbohydrate mobilization to nitrogen 
uptake rates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SRT Dynamic Carbohydrate  
(mg·L-1) 
Groups 
6.3S.o. 32.9 b 
8.9S.o. 71.1 a 
10.0S.o. 59.9 ab 
13.4S.o. 54.9 ab 
17.5S.o. 52.8 ab 
21.8S.o. 43.2 ab 
8.9C.r. 56.4 ab 
10.3C.r. 50.8 ab 
13.2C.r. 48.5 ab 
SRT Dynamic Carbohydrate 
to Nitrogen Recovered  
(g·g-1) 
Groups 
6.3S.o. 6.4 b 
8.9S.o. 14.5 a 
10.0S.o. 13.1 ab 
13.4S.o. 10.7 ab 
17.5S.o. 12.5 ab 
21.8S.o. 10.4 ab 
8.9C.r. 11.5 ab 
10.3C.r. 8.5 ab 
13.2C.r. 11.4 ab 
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Table A15. Tukey Test for dynamic carbohydrate normalized to phosphorus recovered for all 
SRTs (excluding 7.0 days for C. reinhardtii) of both species. Three separate grouping were made 
from these treatments that were described as statistically different with 95% confidence. All 
phosphorus limited and non nutrient limited SRTs were not deemed to have statistically different 
carbohydrate mobilization to phosphorus uptake rates. 
 
 
 
 
 
 
 
 
 
 
 
 
A5. Carbon Storage Across Diel Cycles 
 
 
 
Figure A1. Carbohydrate normalized to protein content of biomass. Dynamic, static and total 
maximum carbohydrate to protein ratio shown for both S. obliquus and C. reinhardtii. 
 
 
(B) C. reinhardtii (A) S. obliquus 
Limitation:  
N/A N P 
Dyna. 
Static 
Max. 
SRT (days) 
SRT Dynamic Carbohydrate 
to Phosphorus 
Recovered  (g·g-1) 
Groups 
6.3S.o. 63.7 bc 
8.9S.o. 121.5 a 
10.0S.o. 105.5 ab 
13.4S.o. 71.3 bc 
17.5S.o. 62.2 bc 
21.8S.o. 54.7 c 
8.9C.r. 53.3 c 
10.3C.r. 38.3 c 
13.2C.r. 49.3 c 
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Figure A2. Carbohydrate as a percent of biomass across a diurnal cycle for S. obliquus 
 
 
Figure A3. Carbohydrate as a percent of biomass across a diurnal cycle for C. reinhardtii  
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Figure A4. Lipid as a percent of biomass across a diurnal cycle for S. obliquus  
 
 
Figure A5. Lipid as a percent of biomass across a diurnal cycle for C. reinhardtii 
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A6. Reactor Schematics 
 
 
Figure A6. Reactor schematics 
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A	natural	light	cycle	was	simulated	using	a		
sinusoidal	irradiance	curve,	controlling	alterna/ng		
strips	of	red	and	blue	(630	and	460	nm)	LEDs.	
0.1	to	0.4	lpm	air	was	con/nuously	passed	through		
a	0.2um	hepa	ﬁlter	and	supplied	to	the	reactor	for	
mixing	via	an	aerator,	pH	was	controlled	between	
7.25	and	7.75	by	intermiMently	sparging	CO2	and	a	
	manually	operated	port	allowed	for	sampling.		
Inﬂuent	media	was	con/nuously	dripped	into	the		
reactor,	eﬄuent	was	maintained	at	the	same	rate		
by	an	overﬂow	pump.	SRT	was	deﬁned	as	the		
inverse	of	dilu/on	rate	and	nutrient	loading	was		
held	constant	for	all	reactors.	Eﬄuent	gas	ﬂowed		
through	at	least	a	meter	of	tubing	and	a	baﬄe	to		
maintain	culture	purity.	
Suspended	growth	pure	cultures	of	Scenedesmus		
obliquus	and	Chlamydomonas	reinhard4i	were		
cul/vated	for	at	least	2.5X	and	un/l	a		
determina/on	of	steady	state	was	made	preceding	
the	beginning	of	experimenta/on.	Reactors	were		
scrubbed	daily	to	prevent	the	accumula/on	of		
aMached	growth.		
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